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We show that the water dissociation reaction H2O → OH+H in the confined environment of
MOF-74 channels can be precisely controlled by the addition of the noble gas He. Elucidating the
entire reaction process with ab initio methods and infrared (IR) spectroscopy, we prove that the
interaction between water molecules is critical to the formation of water clusters, which reduce the
dissociation barrier by up to 37% and thus influence the reaction significantly. Our time-resolved
IR measurements confirm that the formation of these clusters can be suppressed by introducing
He gas, providing unprecedented control over water dissociation rates. Since the water dissociation
reaction is the cause of the structural instability of MOF-74 in the presence of water, our finding of
the reaction mechanism lays the groundwork for designing water stable versions of MOF-74 as well
as understanding water related phenomena in MOFs in general.
I. INTRODUCTION
Metal organic framework (MOF) materi-
als in general—and MOF-74 [M2(dobdc), M
= Mg2+, Zn2+, Ni2+, Co2+, and dobdc=2,5-
dihydroxybenzenedicarboxylic acid] with its high density
of coordinatively unsaturated metal ions in particular—
have shown promising properties for technologically criti-
cal applications such as gas storage and sequestration,1–5
catalysis,6,7 polymerization,8,9 luminescence,10,11 non-
linear optics,12 magnetic networks,13 targeted drug
delivery,14 multiferroics,15–17 and sensing.18–22 This
versatility is the result of MOF’s simple nano-porous
building-block nature and affinity towards small molecule
adsorption. Unfortunately, despite its great potential,
the practical use of MOF-74 in such applications is
rather limited due to its low stability and reduction of
gas uptake capacity in the presence of water vapor.23–27
The interaction mechanism of MOF-74 with water has
long been a mystery, as no clear spectroscopic signature
could be observed. The only hint that a reaction oc-
curred was a decrease in small-molecule uptake and the
loss of crystal structure of some MOF-74 members after
exposure to water.23–27 Progress in the understanding of
the interaction between water and MOF-74 came only
recently through infrared (IR) absorption spectroscopy,
which identified the fingerprint of a water dissociation re-
action H2O→ OH+H at temperatures above 150 ◦C.28,29
This fingerprint consists of a clear peak in the IR spec-
trum at 970 cm−1, which by fortuitous coincidence falls
into the phonon gap of the MOF-74 spectrum, when ex-
posing e.g. Zn-MOF-74 to D2O, see Fig. 1. The cor-
responding peak for the same reaction with H2O is at
1316 cm−1 and thus outside the phonon gap, where it
strongly coupling with other MOF phonon modes and
becomes impossible to detect.
The H2O → OH+H reaction in MOF-74 has been
linked to its CO2 uptake reduction and structural insta-
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FIG. 1. (bottom) IR absorption spectra of activated Zn-
MOF-74 referenced to the KBr pellet. (top) IR absorption of
Zn-MOF-74 after being exposed to 8 Torr of D2O for 60 min.
at 180 ◦C, with and without the presence of He; both spectra
are referenced to the activated sample in the bottom panel.
The fingerprint of the water dissociation reaction is clearly
visible as a large peak appearing at 970 cm−1, falling into the
phonon gap of the activated sample. Repeating the experi-
ment with 950 Torr of He added shows that this fingerprint
disappears again.
bility in the presence of water28,30 and the exact relation-
ship between them has just recently been discovered.31
Therefore, if we are able to suppress the water dissocia-
tion reaction, we are in a position to control the reduction
in gas uptake capacity and maintain the crystal structure
under humid conditions. In this work, we present our
study on how the H2O→ OH+H reaction takes place in-
side MOF-74 and use our findings to design a simple but
elegant experiment that shows a means to control the re-
action. With this proof-of-principle approach, our work
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2lays the foundation for a concise understanding of the wa-
ter dissociation mechanism in MOF-74, opening the door
for the rational design of water stable MOF-74. It is likely
that a suppression of the dissociation reaction can also be
achieved via co-adsorption of other molecules alongside
water,32 but we focus on only water here since it binds
strongest amongst many small molecules.33 For our study
we use Zn-MOF-74, as it has the highest catalytic activ-
ity amongst the isostructural MOF-74 family for water
dissociation.28 Note that the catalytic activity linearly in-
creases as the size of the metal decreases,31 and we find
that the catalytic activity towards the H2O → OH+H
reaction is greatest in Zn-MOF-74, followed by Mg-, Ni-,
and Co-MOF-74, in that order. We will show that this
behavior has its roots in the fact that—in order for the
H2O→ OH+H reaction to take place—the water clusters
need to interact with the metal center and the linker at
the same time. As the metal center becomes smaller, it
pulls the water molecules closer to the corner of the MOF
and thus enhances also the interaction of the water with
the linker. Note that for simplicity we may use the word
“water,” but actually refer to “heavy water,” i.e. D2O.
II. BARRIER TO WATER DISSOCIATION
We begin by using ab initio simulations to analyze the
H2O→ OH+H reaction at the metal centers of Zn-MOF-
74 and, in particular, how other water molecules affect it.
For this purpose, we considered n = 1, 2, 3, 4, and 5 wa-
ter molecules near one metal site, which form small water
clusters. The energy profile along the H2O→ OH+H re-
action pathway and its thermodynamics for the various
clusters are given in Fig. 2; actual values for activation
barriers (EB) are collected in Table I. For a single water
molecule cluster (n = 1), we find a reaction barrier of
1.09 eV. The H2O → OH+H reaction path corresponds
to Fig. 3, where the adsorbed water transfers one hydro-
gen to the nearest oxygen of the linker, as discussed in
detail elsewhere.28 The stable states of these clusters be-
fore the dissociation reaction are depicted in the upper
row of Fig. 3; the lower row shows their counter parts,
once the dissociation reaction has taken place. Note that
for large enough clusters, the clusters start interacting
with one additional water molecule at the nearby metal
site and we have not included that molecule in our count
of n, i.e. there are n + 1 water molecules in each fig-
ure. The water molecules in the clusters interact via H
bonds, similar to their behavior on the surface of metals
and other systems.34–40
Looking at the barriers for water clusters with n = 1
to 3, we see that they only decrease slightly, see Table I
and Fig. 2. In these cases, the additional water molecules
act as catalysts and the reaction proceeds just like in the
case of a single water molecule—i.e. the water molecule
at the metal center donates its H to the oxygen of the
linker, see Fig. 3. Other groups have suggested a simi-
lar effect on metal oxide surfaces, called water catalyzed
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FIG. 2. Relative energy [eV] along the water dissociation
reaction n H2O → OH+H+(n − 1) H2O in Zn-MOF-74 for
n = 1 to 5. The maxima for each line, i.e. the activation
barrier, are tabulated in Table I.
TABLE I. Activation barrier EB [eV] for the water dissoci-
ation reaction n H2O → OH+H+(n − 1) H2O at one metal
center in Zn-MOF-74. Figure 2 shows the energy along the
entire reaction pathway. We also list formation energies per
water molecule EF [eV] for all clusters.
n 1 2 3 4 5
EB 1.09 0.96 0.99 0.69 0.69
EF −0.57 −0.57 −0.61 −0.62 −0.62
dissociation induced by collective interaction,41–44 where
the interactions among water molecules play an impor-
tant role, responsible for a change in the structure and
proton-transfer dynamics. However, in our case the inter-
action among water molecules plays an additional role, as
we show next: for n > 3 we observe a dramatic 37% re-
duction in the activation barrier, see Table I and Fig. 2.
This surprising and unexpected finding is the result of
the water dissociation now proceeding through a com-
pletely different pathway. For n=4 and 5 the geometry
of the cluster allows for one of the water molecules to
position above the linker, establishing a H bond with the
O atom of the linker. This geometry opens up a much
more favorable pathway. For example, Fig. 4 shows the
H2O → OH+H reaction path for the n = 4 case: Water
molecule A donates one H to molecule B, which, at the
same time donates one H to the oxygen at the linker—an
animation of this reaction is available in the supplemen-
tary materials. We have also investigated the case of
n = 5, in which the reaction proceeds similarly to the
n = 4 case. Note that this is vastly different from the
cases of n = 1 to 3, where the H being donated to the
linker comes from the water adsorbed at the nearby metal
center.
The key to this drastic lowering of the energy barrier
for n > 3 is the water molecule above the linker. The
H2O → OH+H reaction can proceed through this low
energy-barrier path only if one of the water molecules
in the cluster has a strong interaction with the O of
the linker. In other words, one water molecule needs
to be close to the O of the linker. The top row of Fig. 3
3⇓ ⇓ ⇓ ⇓ ⇓
n = 1 n = 2 n = 3 n = 4 n = 5
FIG. 3. Water cluster geometries for n = 1, 2, 3, 4, and 5 before (upper row) and after (lower row) the H2O→ OH+H reaction
takes place. Red, white, black, and blue spheres represent O, H, C, and Zn atoms. Blue arrows indicate bonds between the
water molecules and metal centers, while dashed black lines indicate H–O bonds. H atoms that are transferred are colored in
green. The figure only shows a small portion of MOF-74.
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FIG. 4. Initial, transition, and final state of the water dissociation pathway corresponding to n = 4. The reaction takes place
through the following low-energy barrier path: A donates one H to B, which—at the same time—donates one H to the oxygen
of the linker. Red, white, black, and blue spheres represent O, H, C, and Zn atoms; the hydrogens being transferred are shown
in green. See the corresponding animation in the supplementary materials. The figure only shows a small portion of MOF-74.
shows the configuration of the water molecules before
the H2O → OH+H reaction takes place for n = 1, 2, 4,
and 5. For n = 4 and 5, we find that one of the water
molecules is able to position itself above the linker and
establish an H bond with the O of the linker, while for
n = 1 and 2 this is not possible. For comparison, in the
n = 1 case the water molecule adsorbed on the metal
center is located 3.64 A˚ away from the O of the linker,
whereas for the n = 4 case the water molecule is located
only 1.94 A˚ away. In Fig. 5 we analyze the role of this
special water molecule near the O of the linker further.
This figure shows the charge density redistribution upon
adsorption of the water molecule B. We find significant
charge accumulation (marked as red × marks) between
molecules A and B, and between molecule B and the
linker. These strong bonds are responsible for the short
distance between A and B (1.90 A˚) and between B and
the O of the linker (1.94 A˚), allowing for the significantly
reduced reaction barrier. Now also the function of the
other water molecules in the clusters for n = 4 and 5 be-
comes apparent—the remaining water molecules forming
the cluters serve to restrain B in its particular geometry
above the O of the linker, making the close interaction
with the linker and the reduced energy barrier possible.
Note that, even though for n = 3 one water molecule is
close to the O of the linker (see Fig. 3), the energy barrier
for the reaction is still 0.99 eV (see Table I). The reason
why the barrier is not reduced in this particular case is
that, once the H2O molecule loses its H, the remaining
OH has to travel a long distance to the metal center in
order to find a stable state.
Before we move on to the experimental verification of
our discovered water dissociation mechanism, we would
like to comment on two aspects. First, water dissociation
in MOF-74 takes place at temperatures above 150 ◦C.28
Water clusters of such size as we are considering here
may not be stable at such temperatures in their gas
phase. However, the clusters inside MOF-74 are stabi-
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FIG. 5. Charge density redistribution upon adsorption of
water molecule B for n = 4. Yellow denotes charge accu-
mulation, while blue denotes charge depletion; the iso level
is ±0.003 e/A˚3. The red × marks strong bonds between A
and B and between B and the linker. For clarity, some water
molecules and other elements of the system are not shown in
this figure. Color coding as in Fig. 3.
lized through interaction with the linker. To quantify this
aspect, we have calculated the formation energies per wa-
ter molecule EF for all clusters, reported in Table I. The
numbers for all clusters inside MOF-74 (∼ −0.6 eV) indi-
cate a significantly higher stability than the correspond-
ing number of −0.32 eV for their gas-phase equivalents.39
Second, due to the nature of transition-state search al-
gorithms, the energy barriers reported in this work are
an upper limit. There is a large number of stable ini-
tial and final configurations for water clusters that give
rise to numerous possible reaction pathways. While we
have modeled approximately 50 reactions, we only report
the paths with the lowest energy barriers. For n > 5
there may be other geometries that exhibit yet a lower
energy barrier for the H2O → OH+H reaction. These
paths may even have energy barriers closer to the split-
ting of water in other systems, where the energy barriers
are as low as ∼0.1 eV.45–48 However, a comprehensive
ab initio sampling of larger clusters is prohibitively ex-
pensive. But, our main goal is not to find such paths or
ways to dissociate water in MOF-74 in the most efficient
manner. On the contrary, our goal is to understand the
underlying mechanism and use this knowledge to avoid
the H2O → OH+H reaction inside MOF-74. If we are
able to do so, we would be able to avoid the poison-
ing of the metal centers (going hand-in-hand with a de-
crease of the small-molecule uptake capacity)28 and the
degradation of the crystal structure of the MOF-74 in
the presence of water.30,31 Our results suggest a way to
accomplish exactly this goal: If we avoid the clustering
of water molecules around the metal centers, we increase
the energy barrier for the H2O → OH+H reaction from
0.69 eV (or lower) up to 1.09 eV, and the reaction will
not take place at the temperatures at which MOF-74 is
stable, i.e. between 0 and 300 ◦C. In the next section we
show a way of achieving this.
III. CONTROLLING WATER DISSOCIATION
USING HE
Based on our theoretical results, we hypothesize that,
if we are able to prevent the formation of these water
clusters on the walls of MOF-74, we will be able to con-
trol and even suppress the water dissociation reaction,
with important effects on the MOF’s stability and small-
molecule uptake capacity. To test our hypothesis, we
have designed an experiment where we control the for-
mation of water clusters by introducing a non-reactive
agent into the MOF-74 channel, such as He. More specif-
ically, in addition to 8 Torr of D2O we now introduce also
500 and 950 Torr of He into the activated Zn-MOF-74 at
180 ◦C, see the experimental details section for further
details. The role of these non-interacting He atoms is
to get in-between the water molecules, decreasing their
interaction, preventing hydrogen bonds, and thus hin-
dering the formation of clusters. At the same time, the
partial pressure of He provides an effective means of con-
trolling the number of He atoms in each nano pore and
thus the degree of water cluster formation. This directly
affects the reaction barrier for the dissociation reaction
and allows us to control the amount of water dissociated.
For reasons explained in the introduction, our exper-
iments are performed with D2O instead of H2O. The
D2O → OD+D reaction has a characteristic fingerprint
in form of a clear peak in the IR spectrum at 970 cm−1
(see Fig. 1), the integrated area of which provides a quan-
titative measure of how much water has dissociated. Our
experiment now proceeds to record the integrated area of
this peak (normalized to 1) as a function of time for the
three different He partial pressures; results are plotted in
Fig. 6. As can be seen, the integrated area for the sam-
ple without He (0 Torr He) grows and saturates as the
water molecules on the metal centers dissociate; the re-
action reaches 63% of the saturation level in 39 minutes.
However, as the He partial pressure increases, the water
dissociation reaction is suppressed due to the higher acti-
vation barrier, as the water clusters are less likely to form.
In turn, we find that for He partial pressures of 500 and
950 Torr, it takes 70 and 181 minutes to reach 63% of the
saturation level, respectively, confirming our hypothesis
and the cluster assisted water dissociation mechanism.
As an example, the top panel of Fig. 1 shows the de-
crease of the peak at 970 cm−1 after 60 minutes when
adding 950 Torr of He to the 8 Torr of D2O.
We have also used non-reactive agents other than He
to demonstrate the connection between cluster forma-
tion, reaction barrier, and water dissociation suppression.
Our results indicate that, e.g. the introduction of Ar also
reduces the rate at which the water dissociation reac-
tion takes place. However, the effect is not as strong
as for He. Using 950 Torr of Ar together with 8 Torr
of D2O at a temperature of 180
◦C, we find that the
H2O → OH+H reaction reaches 63% of the saturation
level after 92 minutes. There is thus no particular re-
quirement for the agent, besides being non-reactive, to
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FIG. 6. Integrated area of the normalized peak at 970 cm−1
from Fig. 1 as a function of time, giving a quantitative mea-
sure of the amount of water dissociated. All samples are ex-
posed to 8 Torr of D2O and a temperature of 180
◦C. The
black curve corresponds to the sample with no additional He,
while the red, and blue curves correspond to the samples ex-
posed to 500 and 950 Torr of He, respectively. The plot con-
firms that the water dissociation reaction is suppressed as
higher partial pressures of He are introduced.
suppress the H2O → OH+H reaction. Nevertheless, He
results were chosen here as the phenomena is stronger
compare to Ar and others. We believe that He is a bet-
ter reaction moderator because of its small size; it is fairly
easy for He to penetrate in-between water molecules in
the water clusters, suppressing their interaction and for-
mation.
The partial pressures of He used in our experiments are
large compared to the partial pressure of water. As such,
it is not practical to use He to suppress the formation of
water clusters. However, we see our experimental results
not necessarily as a practical way in large applications to
control the water dissociation, but rather as a proof-of-
principle that such control is achievable. Furthermore,
our experiments function also as crucial support for our
ab initio results about how small water cluster formation
aids the water dissociation. In future research, the design
of a water stable MOF-74 has to begin by finding a way
of suppressing the water cluster formation and the water
dissociation reaction.
IV. SUMMARY
Our ab initio results show that the formation of water
clusters on the walls of Zn-MOF-74 allows for an ener-
getically much more favorable water dissociation path
for the H2O → OH+H reaction. We then confirm via in
situ IR spectroscopy that introducing He into the MOF
channel to prevent the formation of such clusters is an
effective way to suppress the water dissociation reaction.
While we show results explicitly for He, it is quite likely
that other gases have the same effect. Since previous
studies have indicated that the water dissociation reac-
tion reduces MOF-74 gas uptake and crystal stability, we
have thus found a proof-of-principle approach to control
them. With this new insight, our results provide new
opportunities for designing water stable MOF-74, focus-
ing on the suppression of the water dissociation reaction
which causes the problems.
V. METHODS
A. Computational Details
Our ab initio results were obtained at the density
functional theory level, as implemented in quantum
espresso.49 In order to correctly capture the crucial van
der Waals interactions between the MOF and the wa-
ter molecules, as well as between water molecules,39 we
used the truly non-local functional vdW-DF.50–53 Nu-
clear quantum effects, which can play a noticeable role
in the description of water and water dissociation,54 were
not taken into account due to the extreme computational
cost. Ultrasoft pseudo potentials were used with cut-
offs of 544 eV and 5440 eV for the wave functions and
charge density, respectively. Due to the large dimensions
of the unit cell, only the Γ point was sampled. Reac-
tion barriers were found with a transition-state search
algorithm, i.e. the climbing-image nudged-elastic band
method,55,56 using up to 11 images depending on the
path. We started from the experimental rhombohedral
structure of Zn-MOF-74 with 54 atoms in its primitive
cell and space group R3¯. The rhombohedral axes are
a = b = c = 15.105 A˚ and α = β = γ = 117.78◦.57 We
optimized all atomic positions until the forces were less
than 2.6× 10−4 eV/A˚.
B. Experimental Details
Zn-MOF-74 powder (∼2mg) was pressed onto a KBr
pellet (∼1cm diameter, 1–2 mm thick). The sample was
placed into a high-pressure high-temperature cell (prod-
uct number P/N 5850c, Specac Ltd, UK) at the focal
point compartment of an infrared spectrometer (Nicolet
6700, Thermo Scientific, US). The samples were activated
under vacuum (< 20 mTorr) at 180 ◦C for at least 4 hour.
A mixture of He and D2O was prepared in a compart-
ment connected but separated from the main cell. Dif-
ferent ratios between He and D2O were introducer into
the main cell held at 180 ◦C: 950 Torr He/8 Torr D2O;
500 Torr He/8 Torr D2O; and 0 Torr He/8 Torr D2O. The
area under the peak at 970 cm−1, which is a quantitative
measure of the amount of water dissociated in Zn-MOF-
74, was measured as a function of time. Spectra were
recorded until the reaction was saturated.
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